[1] Mixing ratios of dimethyl sulfide (DMS) and its nighttime oxidant, the nitrate radical (NO 3 ), were measured in the summertime marine boundary layer (MBL) of the Gulf of Maine during the New England Air Quality Study-International Transport and Chemical Transformation campaign in 2004. DMS fluxes from the ocean were derived from simultaneous measurements of the wind speed and DMS in seawater. Day and night DMS oxidation rates were determined from modeled OH and measured NO 3 concentrations. The average DMS lifetime with respect to oxidation by OH at noon was 13.5 ± 3.4 (1s) h, while at night, DMS lifetimes with respect to NO 3 oxidation varied by sampling region from 11 min to 28 h. Oxidation by photochemically generated halogen species likely also played a role during the day, although the nature and extent of the halogen species is more difficult to predict due to lack of halogen measurements. Closure of the DMS budget in the MBL required a vertical entrainment velocity of $0.4 cm s À1 . This study suggests that entrainment of DMS out of the MBL competes with daytime oxidation and that the presence of pollution in the form of NO x and O 3 in near-coastal regions at night results in nearly complete DMS oxidation within the MBL via reaction with NO 3 , with a much smaller contribution from entrainment. One potential implication of near-complete DMS oxidation within the MBL is a reduction of the amount of sulfur available for aerosol formation and growth at higher altitudes in the atmosphere. 
Introduction
[2] Oceanic emission of dimethyl sulfide (CH 3 SCH 3 , DMS) is the largest natural source of sulfur in the atmosphere and thus impacts the global budgets of sulfur and aerosols and, therefore, climate [Charlson et al., 1987] . Oxidation of DMS proceeds mainly by the reaction with the hydroxyl radical (OH) by either hydrogen abstraction or addition pathways [e.g., Hynes et al., 1986] : In the case of the polluted marine boundary layer (MBL), DMS is also oxidized (via hydrogen abstraction) by the nitrate radical (NO 3 ) [e.g., Winer et al., 1984] . This oxidant is produced in the reaction of NO 2 with O 3 and is generally present in large concentrations only at night because of its efficient photolysis and reaction with NO [Wayne et al., 1991] :
reaction (R1b), and
There is also evidence for daytime removal of DMS other than via reaction with OH. Modeling [e.g., von Glasow and Crutzen, 2004] and experimental [e.g., Saiz-Lopez et al., 2006; Suhre et al., 1995; Wingenter et al., 2005; Yvon et al., 1996] studies have implicated the chlorine radical (Cl) and bromine monoxide (BrO) as additional daytime DMS oxidants. Oxidation by other photochemically produced halogen species (e.g., IO [Allan et al., 2000] ) (Table 1) and heterogeneous reactions (e.g., with O 3 [da Rosa et al., 2003; Gershenzon et al., 2001] ) may also serve as DMS sinks. By contrast, at night there is no competition among oxidants for DMS since NO 3 reaction is the only known gas phase oxidative process in the dark.
[3] Stable sulfur containing products from atmospheric oxidation of DMS include sulfur dioxide (SO 2 ), methanesulfonic acid (CH 3 SO 3 H, MSA), and sulfuric acid (H 2 SO 4 ) produced from the subsequent oxidation of SO 2 . Methanesulfonic and sulfuric acid have a strong tendency to condense on (and alter) existing aerosols; production of sulfuric acid may also lead to nucleation of new aerosol particles. The DMS oxidation product distribution is dependent on a number of factors, including whether the oxidation is initiated by an addition (e.g., OH, $25% at 298 K and 1 atm) or an H-abstraction pathway (e.g., NO 3 , $100%, and OH, $75%) [e.g., Jensen et al., 1992; Turnipseed et al., 1996] and the availability of NO for reaction with peroxy radicals produced in the initial step. The addition pathways lead to products such as dimethylsulfoxide (DMSO) and MSA, and the abstraction leads mainly to SO 2 and ultimately H 2 SO 4 [e.g., Barnes et al., 2006] . Because the nocturnal, NO 3 -driven DMS oxidation proceeds by abstraction, and because reactions of the resulting peroxy radicals (e.g., the methylthiomethyl (MTM) peroxyl radical, H 3 CSCH 2 O 2 ) occur in the absence of NO (typically not present at night, except in close proximity to NO x sources), the DMS oxidation product distribution can be altered by anthropogenic pollution containing NO x and O 3 , which react to produce NO 3 . Such alterations may affect the yield of non sea salt (nss) sulfate from DMS oxidation. This in turn can influence aerosol growth and nucleation rates, not only in the MBL but also in the lower and upper troposphere [e.g., Lucas and Prinn, 2003] . Thus, the nature and extent of DMS oxidation in the MBL are important parameters in assessing the impact of DMS on global climate.
[4] In this paper, we present simultaneous measurements of NO 3 , DMS, DMS fluxes from the ocean surface determined from seawater DMS measurements, and modeled OH mixing ratios in the summertime MBL in the Gulf of Maine. Data were collected during the New England Air Quality Study-International Transport and Chemical Transformation (NEAQS-ITCT) 2004 on the NOAA research vessel Ronald H. Brown (R/V Brown) [Fehsenfeld et al., 2006] . The observed DMS mixing ratios were compared to a box model that included DMS emission flux and loss to oxidation, with vertical entrainment as an adjustable parameter. The analysis shows that NO 3 efficiently oxidized DMS at night under conditions of outflow of continental pollution and less efficiently in cleaner, marine air. During the day, DMS removal rates were generally larger than could be accounted for by OH reaction, indicating additional loss pathways, such as vertical entrainment or reaction with halogens. The presence of NO 3 at night significantly affected the fraction of DMS emissions oxidized within the MBL and may therefore also have affected the transport of DMS and condensable sulfur products to higher levels of the atmosphere. Because NO 3 derives principally from anthropogenic NO x and O 3 pollution, these effects represent an anthropogenic perturbation of the marine sulfur cycle.
Field Measurements and Calculations
[5] The 2004 campaign took place during July and August and followed an earlier study, the New England Air Quality Study (NEAQS) 2002, in the region. Results from the earlier study pertinent to DMS oxidation have been reported elsewhere [Aldener et al., 2006; Stark et al., 2007; Warneke et al., 2004] . The 2004 study differed in several aspects: First, NEAQS-ITCT 2004 covered a larger geographical area than NEAQS 2002, which allowed analysis of DMS budgets over a wider range of DMS fluxes and mixing ratios, NO x and O 3 pollution levels and distance from coastal sources of anthropogenic emissions. Second, the availability of seawater DMS measurements, from which DMS fluxes were calculated for the 2004 study, allowed for a more comprehensive accounting of the DMS budget, particularly with respect to the competition between oxidation and vertical transport.
[6] Measurements of DMS (by gas chromatographymass spectrometry, GC-MS) and NO 3 (by cavity ring-down spectroscopy, CaRDS) on R/V Brown during NEAQS-ITCT 2004 have been described elsewhere [Goldan et al., 2004; Osthoff et al., 2006] . Daytime NO 3 mixing ratios were below the detection limit and were calculated using steady state as described by Brown et al. [2005] and Osthoff et al. 
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OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE [2006] . Emission rates of DMS from the ocean surface were calculated from measured DMS concentrations in seawater [Bates et al., 1998; Bates et al., 2000] (at 30 min time resolution) and wind speed using the Nightingale parameterization [Nightingale et al., 2000] . Mixing ratios of the hydroxyl radical (OH) were calculated using an explicit chemical model [Sommariva et al., 2008] based on the Master Chemical Mechanism [Jenkin et al., 2003; Saunders et al., 2003] . Measurements of O 3 , NO and NO 2 were made by NO-O 3 chemiluminescence. All data were averaged to the time resolution of the GC-MS, which had a 5 min sampling time and produced one data point every 30 min.
Gas-and aerosol-phase measurements were made at sampling heights of 15-18 m above the ocean surface.
Results
[7] Figure 1 (top) shows an overview of the study area, which was arbitrarily divided into three regions to facilitate the analysis and discussion below. Region 1 was close to the densely populated Massachusetts/New Hampshire coastlines and was most affected by continental outflow of pollutants. Region 2 covered the area along the Maine coast, which was less impacted by anthropogenic pollution , color-and size-coded by dimethyl sulfide (DMS) mixing ratios. The study area was divided into three regions: Region 1 is close to the Massachusetts/New Hampshire coasts and was most affected by continental outflow; region 2 is close to the Maine coast, where the highest DMS mixing ratios (and fluxes) were observed; region 3 is in the northeastern corner of the Gulf of Maine and was furthest removed from continental outflow. (bottom) Track of R/V Brown, color-coded by photochemical age, calculated from the ratio of benzene to toluene (see text). Blue points represent a photochemical age >48 h; red data points represent a photochemical age <48 h.
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OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE than region 1. Region 3 was furthest from continental pollution sources. The air masses encountered in region 3 were photochemically older than those in the other regions (by about 1 day), as judged from the toluene to benzene ratio [Warneke et al., 2007] . In all regions, gas-phase DMS was observed, and positive fluxes from the ocean surface were calculated ( Figure 2 ; Table 2 ). Large variations in observed DMS levels were due to periodic sampling of ''hot spots,'' i.e., areas with large seawater concentrations (see below).
[8] Although these divisions along latitude and longitude boundaries did not achieve complete separation into different chemical regimes, the three regions exhibited distinct levels of DMS emissions and/or anthropogenic pollution as measured, for example, by CO mixing ratios, NO 3 production rates, and photochemical age (Figure 2 ; Table 2 ). Comparisons between them therefore illustrate combinations of several effects, including variation in DMS emissions, NO 3 production rates, and nighttime DMS oxidation rates with air mass age. To illustrate the latter effect and to corroborate the results obtained using a geographical sorting, data were also binned by photochemical age into two groups, one younger, and one older, than 48 h (results shown in section 3.4). Figure 3a shows the mixing ratios of the oxidants NO 3 (measured) and OH (calculated). The time series of DMS mixing ratios in Figure 3b shows an anticorrelation with the oxidant levels in Figure 3a ; that is, maxima in the oxidants' mixing ratios correspond to minima in the DMS mixing ratios. Figure 3c shows the DMS flux calculated from seawater DMS concentration and wind speed. Figure 3d shows first-order rate coefficients for chemical loss of DMS, i.e.,
Figure 2. Characterization of the three regions by (top) pollution and (bottom) DMS. Figure 2 (top) shows box-andwhisker plots of CO mixing ratios and the production rate of Sander et al., 2006] . The boxes encompass the 25th, median (50th), and 75th percentiles, and the whiskers the 10th and 90th percentiles, in each region. Region 1 showed the highest, region 2 intermediate, and region 3 the lowest pollution levels. The production rate of NO 3 was more attenuated than the CO mixing ratio. Figure 2 (bottom) shows box-and-whisker plots of DMS mixing ratios and fluxes from the ocean surface. The highest levels of DMS relative to the input from the ocean were seen in region 3. [Sander et al., 2006] . The photochemical age was calculated using the toluene to benzene ratio [Jobson et al., 1998; Roberts et al., 1984] and an emission factor of 3.7 [de Gouw et al., 2005] .
OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE and inverse steady state DMS lifetimes, 1/t DMS . At steady state, the DMS lifetime is given by
Here, F is the DMS flux from the ocean surface, and h MBL is the height of the MBL. The latter did not exhibit a diel profile and was constant at about 100 m [Angevine et al., 2006] . Equation (4) is valid for the case of an MBL that is well mixed with respect to DMS and its oxidants.
[10] The induction time required for approach to steady state is approximately four to five times the inverse of the first-order loss rate coefficient [Pilling and Seakins, 1995] . In this example, the DMS lifetime with respect to NO 3 oxidation at night, 1/k 0 NO 3 , was $0.5 h and with respect to OH oxidation during the day, 1/k 0 OH , $10 h. As a result, DMS likely achieved a steady state at night but not during the day. In this example, losses via oxidation by NO 3 at night were approximately equal to the steady state DMS lifetime (calculated from observed mixing ratios and the input from the ocean surface), implying that the nocturnal lifetime of DMS was controlled entirely by NO 3 and that other DMS losses, e.g., venting out of the marine boundary layer, were small. During the day (both in this example and in general for this data set), the first-order loss rate coefficient to OH was at least one order (often several orders) of magnitude less than the inverse DMS steady state lifetime; that is, the OH oxidation rate was too slow to bring DMS into a steady state during daytime. This result and the modeling analysis presented in section 3.3 below are consistent with other active daytime DMS loss processes (e.g., entrainment, oxidation by halogens, or heterogeneous reactions).
[11] Shown in Figure 4 are plots of observed DMS mixing ratios against NO 3 (nighttime data only) and OH (daytime data only) mixing ratios for the entire campaign, color coded by region. Nighttime mixing ratios of DMS and NO 3 were strongly anticorrelated; this anticorrelation was a persistent feature of the entire data set. In contrast, the daytime mixing ratios of DMS were only weakly anticorrelated with the calculated OH (Figure 4, right) . In region 1, P(NO 3 ) was largest, and NO 3 regulated DMS at night. Similar to the result shown in Figure 3 , the observed DMS levels were in balance between oceanic emissions and oxidation by NO 3 . In the other regions, NO 3 production rates and mixing ratios were smaller. In region 2, NO 3 mixing ratios were suppressed in spite of a production rate of 1.4 Â 10 6 molecules cm À3 s À1 (0.2 ppbv hr À1 ) ( Table 2 ), in part because the emission rate of DMS from the ocean and DMS mixing ratios were large. In region 3, NO 3 mixing ratios were small due to both low production (60 pptv hr À1 ) caused by low NO 2 mixing ratios (median 0.2 ppbv; Table 2 ) and other efficient sinks (e.g., fog [Osthoff et al., 2006] ). The mixing ratios of OH were much less dependent on the overall level of pollution and similar in all regions (Table 2; Figures 4 and 5). In contrast, NO 3 was spatially inhomogeneous; as a result, nocturnal lifetimes of DMS varied considerably across the different regions, while daytime oxidation rates were approximately constant.
Average Diurnal Profiles
[12] The example in Figure 3 clearly shows the effect of oxidant levels on DMS mixing ratios across a single 24 h period. On many other individual days, however, variability in the mixing ratios of NO 3 , OH, and DMS fluxes due to changes in air mass and in sampling location effectively masked such diel effects. However, the averages of DMS, NO 3 and OH mixing ratios as a function of time of day within each of the three regions, as shown in Figure 5 , did show a clear diurnal pattern that serves to illustrate the regional variation in DMS oxidation chemistry. The DMS input from the ocean surface determined from seawater DMS and wind speed (not shown) did not vary as a function of time of day. In the polluted case (region 1; Figure 5 , top), the diurnal profile of DMS had two maxima: the first about 1 h after sunrise and the second at sunset. The DMS (2)) and OH (k 0 OH , equation (3)) are superimposed. In this example, the rate coefficient for nocturnal oxidation by NO 3 was equal to the inverse steady state DMS lifetime, indicating DMS budget closure with respect to oxidation and the absence of vertical entrainment and other loss pathways.
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OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE maxima coincided with minima in the mixing ratios of NO 3 and OH (so-called radical gaps [Brown et al., 2004; Platt et al., 2002; Warneke et al., 2004] ). The diurnal cycle in the top of Figure 5 corroborates that observed during the NEAQS 2002 campaign [Stark et al., 2007] , during which the sampling occurred primarily near the coast, similar to the area sampled in region 1 during the 2004 campaign. Even so, the DMS mixing ratios in region 1 were larger at night in 2004 than during the 2002 campaign (by a factor of 2), consistent with smaller average NO 2 abundance (3.0 ppbv in 2004, 4.5 ppbv in 2002) and reduced relative P(NO 3 ).
[13] Figure 5 (middle) shows the average diurnal pattern of DMS, NO 3 , and OH in region 2, where large DMS fluxes from the ocean surface were observed (Table 2) . On average, the NO 3 mixing ratios were much lower in region 2 than in region 1, and the diurnal cycle of DMS did not show a measurable time-of-day dependence. In this region, the DMS flux from the ocean exceeded the capacity of the oxidants (including halogens) within the MBL to completely remove the emitted DMS, suggesting that entrainment to the lower troposphere contributed to the budget of DMS within the MBL (see below).
[14] Figure 5 (bottom) shows diurnal cycles of the mixing ratios of DMS and its oxidants in the Eastern part of the Gulf of Maine (region 3), which was less influenced by anthropogenic pollution. The averages in this region contain data from only 2 days of sampling and are thus more prone to variability than the other regions. The average shown in Figure 5 (bottom) is treated here as representative for this region. Average DMS mixing ratios were higher at night than during the day. The observed decrease during the day is consistent with photochemical oxidation by OH, while the increase after sunset is consistent with reduced nighttime oxidation by NO 3 compared to other regions. The reduced contribution of NO 3 is consistent with a small average P(NO 3 ) (4.0 Â 10 À5 molecules cm À3 s
À1
, 58 pptv hr À1 ; Table 2 ), but also with competition between different sinks for the available NO 3 . For example, the prevalence of fog in this region (affecting $40% of the data) likely led to a large increase in the heterogeneous uptake rates of N 2 O 5 and NO 3 [Osthoff et al., 2006] , such that only a fraction of the already slow NO 3 production in this region was actually available as an oxidant for DMS.
[15] The time-of-day dependence of the first-order chemical DMS loss rate coefficients (k 0 NO 3 and k 0 OH ) is shown in Figure 6 , sorted by region. Nighttime oxidation by NO 3 showed a clear regional dependence, driven by anthropogenic pollution as discussed above; in contrast, daytime k 0 OH was not strongly dependent on sampling region. Although low levels of nighttime OH were predicted by the MCM simulation, the contribution of nocturnal oxidation of DMS by OH was negligible (<1%) in all regions; by contrast, the daytime contribution of NO 3 to DMS oxidation was small but sometimes considerable (up to 40%), consistent with our previous analysis of oxidation rates of a variety of VOCs due to daytime NO 3 production [Osthoff et al., 2006] . In the current analysis, where we have calculated this contribution in an average sense across regions, the oxidation of DMS via NO 3 in the daytime in region 1 was predicted to be 7% of the total DMS oxidation rate via NO 3 and OH (excluding halogens). The contribution of NO 3 to daytime DMS oxidation was considerably lower in region 3 than in the other two, more polluted regions, but is not representative of remote marine regions, where the NO 3 production rate from equation (1) would be on the order of 1 pptv hr À1 (i.e., 30 ppbv O 3 , 10 pptv NO 2 ).
Modeling DMS in the Marine Boundary Layer (MBL)
[16] A simple model was used to simulate the average diurnal profiles of DMS mixing ratios observed in the three regions. This model assumes a MBL of 100 m depth (h MBL ), on the basis of rawinsondes, which showed the persistence of a shallow, stable MBL in this region during the study period. Eddy turnover times in this layer were on the order of 20-30 min [Angevine et al., 2006] . The model integrates equation (5), which includes chemical losses to OH and NO 3 , flux from the ocean surface, and vertical entrainment out of the marine boundary layer: Figure 4 . (left) Plots of DMS versus measured NO 3 (nighttime data only, i.e., solar zenith angle > 90°) and (right) calculated OH (daytime data only, i.e., solar zenith angle < 90°). The NO 3 -DMS anticorrelation was clearest in the polluted case (region 1) and less obvious in the remote marine area (region 3). The correlation of DMS with OH was considerably weaker than with NO 3 in all regions.
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Here v E is the vertical escape (entrainment) velocity, and k 0 (OH) and k 0 (NO 3 ) are as defined in equations (2) and (3). Horizontal transport is neglected because it is assumed unimportant in the diurnally average data to which the model is compared. To minimize artifacts from outliers in the data, median [OH] , [NO 3 ], F, and [DMS] values (as functions of time of day) were used as model inputs. A spin-up time of 1 day ensured that simulations were independent of the initial DMS concentration. The model assumes complete mixing within the 100 m layer thickness nearest the surface. This assumption is approximately correct in the limit where the chemical transformation is slower than the time scale of Figure 5 . Diurnal averages of NO 3 , DMS, and OH. The shading shows ±1s of the measurements. In region 1, close to the coast, mixing ratios of DMS peaked during dawn and dusk, during periods of smallest radical production. In region 2, there was no obvious diurnal pattern, consistent with DMS mixing ratios being controlled by surface emissions, which did not show a time-of-day dependence. In the remote case, DMS mixing ratios decreased during the day, consistent with oxidation by OH, and increased at night due to reduced NO 3 production and mixing ratios.
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OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE the mixing. Particularly in region 1, where the average DMS lifetime at night with respect to NO 3 oxidation of 1.7 h approached the 0.3-0.5 h MBL turnover time, there is a potential for development of vertical gradients. If so, the observed surface level concentrations of DMS are larger than the average concentration across the layer. In the absence of vertically resolved data on chemical composition, we have modeled the chemistry within the MBL as though mixing were complete.
[17] Halogen containing radicals, known oxidants of DMS [e.g., Langner and Rodhe, 1991], were not measured on R/V Brown during NEAQS-ITCT 2004. To simulate the potential contribution of photochemically generated halogen radicals, we arbitrarily used atomic Cl as a proxy for all reactive halogens and constrained its mixing ratios to a fixed ratio of 1:50 relative to OH on the basis of an estimate of Cl atom concentrations derived from halogen measurements on Appledore Island [Pszenny et al., 2007] . This ratio of Cl to OH is similar to the 1:80 ratio inferred by Stark et al. [2007] ; the use of a larger fraction of Cl in the current work puts a slightly lower (more conservative) limit on the contribution of entrainment.
[18] Although there were cases in which the production and chemical loss rates of DMS were in approximate balance (e.g., Figure 3) , it was generally the case that the DMS input was considerably larger than the known chemical sinks (k 0 NO 3 + k 0 OH ). Therefore, a nonzero vertical entrainment velocity was needed to bring simulations and observations in agreement. We evaluated entrainment velocities of 0.2, 0.4, and 0.6 cm s À1 and found best agreement between model and simulation with the intermediate value of 0.4 cm s À1 when oxidation by halogens was included in the model (Figure 7 ). This entrainment falls within the range of 0.12 to 0.76 cm s À1 measured by Faloona et al. [2005] in the Eastern Pacific, and is modestly larger than the 0.25 cm s À1 assumed by Stark et al. [2007] for the NEAQS 2002 study and the 0.168 cm s À1 given by Yvon et al. [1996] for observations made in the South Pacific.
[19] Simulated and observed diurnal profiles are shown in Figure 7 for each region. In region 1 (Figure 7, top) , the observed diurnal profile exhibited a maximum at dusk and one at dawn. The simulation is in somewhat better agreement with the observations if oxidation by halogens is included (dashed curves). The observed morning maximum was larger than the evening, but the model results show the opposite trend between the two. The difference between modeled and measured diurnal profiles may indicate that chemical sinks were underestimated in late day; however, the statistical variation in the dawn and dusk maxima was large, so that relative differences are difficult to interpret. While the sonde data generally showed the mixing height to be invariant [Angevine et al., 2006] , it is possible that small variations in boundary layer dynamics may also have played a role in the observed DMS profiles.
[20] In region 2 (Figure 7 , middle), the measurements did not exhibit a clear diurnal pattern. In contrast, the simulation predicts DMS maxima after sunrise and before sunset and larger mixing ratios during the day than during the night. As before, the simulation is in somewhat better agreement with the observations if oxidation by halogens is included (dashed curves). However, the day-night contrast in the modeled traces in region 2 are smaller than in region 1, so that the simulation is consistent with the observations since it lies within the statistical variability at all times of day.
[21] In region 3 (Figure 7 , bottom), the measured contrast in DMS concentrations between day and night is well reproduced by the simulation (keeping in mind that the vertical offsets are determined by the entrainment velocity and are thus arbitrary). DMS mixing ratios increased at night and decreased during the day, consistent with daytime oxidation of DMS playing a much larger role than its nighttime oxidation. Addition of oxidation by halogens did not noticeably improve the agreement between simulation and experiment, suggesting that oxidation by halogens may have been less important in this case.
Comparison of Data Sorted by Region With Data Sorted by Photochemical Age
[22] Figure 8 shows simulated and observed diurnal DMS profiles for data that was sorted by photochemical age, on the basis of the toluene to benzene ratio [Warneke et al., ) were excluded. These points can be accounted for in the regional sorting, but appear as outliers in a sorting that is done by photochemical age only. In the younger photochemical age case (Figure 8,  top) , the observed diurnal profile resembled that in Region 1 (Figure 7, top) , with lower DMS mixing ratios at night than during the day. The DMS maxima in the early morning and late afternoon were slightly less pronounced but still clear. The diurnal profile is reproduced by the simulation with the intermediate entrainment velocity of 0.4 cm s À1 and halogen oxidation. For the photochemically aged air masses (Figure 8, bottom) , DMS mixing ratios were larger at night than during the day. Overall, the results obtained using data sorted by photochemical age are consistent with the results obtained using the regional sort of the data.
[23] The clear change in diurnal pattern across the three regions (and between photochemically young and old air masses), from a nighttime minimum to a nighttime maximum in DMS mixing ratios, follows the trend in NO 3 production rates and illustrates the way in which continental NO x sources influence DMS oxidation. The comparison of modeled to measured diurnal profiles across the three regions showed the strong influence of NO x and O 3 pollution on nighttime DMS oxidation in the near source region (region 1), the increased nocturnal DMS lifetime in the aged air masses (region 3), and the roughly comparable day and night levels of DMS in the intermediate region (2). The latter was also influenced by much larger emissions of DMS. Models across all three regions show better agreement with measurements if daytime oxidants in addition to OH, such as halogens, are included. This is broadly consistent with previous studies, although the detailed mechanisms for photochemical generation of halogen containing radicals are uncertain. Further, the model-measurement agreement is best for a vertical entrainment velocity of 0.4 cm s
À1
. The next section explores the implications of the competition between day and nighttime oxidation and vertical entrainment of DMS.
Potential Implications for nss-Sulfate and Aerosol
Formation Outside the MBL 3.5.1. Mechanistic Considerations
[24] A shift of DMS oxidation from daytime (OH) to nighttime (NO 3 ) may affect the yields of SO 2 , H 2 SO 4 , and, ultimately, sulfate aerosol due to differences in the DMS oxidation pathways [Lucas and Prinn, 2002 , 2005a , 2005b Stark et al., 2007] , although these shifts depend critically on the mechanism for DMS oxidation and the reactions that occur after the initial oxidation step, all of which are highly uncertain. One key intermediate is the methylthiomethyl (MTM) peroxyl radical, CH 3 SCH 2 O 2 , which is generated subsequent to H-atom abstraction from DMS (reaction (R1b)). Under polluted (i.e., high NO x ) conditions during ) and chemical losses to NO 3 and OH. The dashed lines include oxidation of DMS by halogen radicals, in this case assumed to be Cl and scaled to OH by a factor of 1:50. the day, this peroxyl radical reacts with NO, and the resulting alkoxy radical most likely decomposes to CH 3 S and CH 2 O:
At night, there are a number of reactions that the MTM peroxyl radical may undergo. First, it may react with HO 2 to give CH 3 SCH 2 OOH, a compound that likely undergoes rapid deposition back to the ocean surface, removing the sulfur from the atmosphere [Singh, 1995] . Second, it may decompose to CH 3 S and CH 2 O subsequent to reactions with other peroxy radicals or NO 3 to ultimately give SO 2 . It may also react with NO 2 in a reversible equilibrium to yield a peroxy nitrate, although the equilibrium likely favors the reactants rather than the nitrate product [Barnes et al., 2006] :
The amount of SO 2 and H 2 SO 4 produced from DMS oxidation by NO 3 is uncertain; product studies in smog chambers have found yields in the range of 10% to 68% [Barnes et al., 2006] ; the largest SO 2 yields were observed in chamber studies at NO x concentrations within a range small enough to represent typical ambient levels [Yin et al., 1990] . Although it is difficult to predict the impact of NO 3 driven DMS oxidation in the MBL (see, e.g., the discussion of Stark et al. [2007] ), nocturnal DMS oxidation clearly has the potential to change the yields of various oxidation products and may ultimately influence the yield of sulfate aerosol.
Potential Impact on Vertical Transport of Sulfur Species
[25] Oxidation of DMS by NO 3 in the polluted MBL may also change the spatial distribution of DMS and its oxidation products ( Figure 9 ). As noted above, the oxidation products of DMS include water-soluble compounds such as SO 2 , DMSO, MSA, H 2 SO 4 , CH 3 SCH 2 OOH, etc. Many of these compounds are rapidly lost to dry deposition to the ocean surface and to heterogeneous uptake on sea salt aerosol. For example, SO 2 , a major product of DMS oxidation, has a lifetime with respect to dry deposition to the ocean surface of 2.5 h in a 100 m deep boundary layer assuming a deposition velocity $1.2 cm s À1 [e.g., De Bruyn et al., 2006] . This deposition lifetime is shorter than its lifetime with respect to photochemical oxidation by OH ($60 h, assuming [OH] = 5 Â 10 6 molecules cm
À3
) [Sander et al., 2006] . This example of rapid, calculated SO 2 depositional loss is specific to the shallow boundary layers during this campaign. In contrast, DMS is not lost to dry deposition since the ocean surface is usually supersaturated with respect to DMS, and its rate coefficient for uptake on sea salt aerosol, even when subsequent chemistry such as heterogeneous oxidation by O 3 is taken into account [da Rosa et al., 2003; Gershenzon et al., 2001] , is orders of magnitude smaller than the uptake coefficients of the various DMS oxidation products.
[26] Following entrainment of DMS out of the marine boundary layer, oxidation of DMS to SO 2 (and other products) yields H 2 SO 4 (the most important product of photochemical SO 2 oxidation) that condenses to form sulfate aerosol and cloud condensation nuclei (CCN). Therefore, the degree to which DMS oxidation takes place within the marine boundary layer, where dry deposition to the ocean surface of its initial oxidation products can compete with further oxidation to H 2 SO 4 , may affect the Figure 8 . Simulated and observed DMS diurnal profiles for photochemical ages (determined from toluene to benzene ratio) less than and greater than 48 h. Data points with DMS fluxes ! 10 mmol m À2 d À1 were excluded. In the photochemically aged air masses, the DMS diurnal profile exhibits a minimum at midday, consistent with daytime oxidation by OH. In the photochemically young air masses, the DMS mixing ratios are smaller at night than during the day, consistent with increased nocturnal oxidation by NO 3 .
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OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE yield of non-sea salt sulfate aerosol from marine sulfur emissions. The nature and extent of this effect would depend on the atmospheric dynamics above the shallow, 100 m layer used to model these results. Since the coastal environment in which this study took place is known to have the potential for multiple stable layers, surface level observations do not place constraints on the transport of sulfur species above the marine boundary layer. However, increased nocturnal oxidation of DMS within the marine boundary layer in the polluted case is likely to lead to increased loss of the products to dry deposition compared to the unpolluted case.
[27] We used a box model to give a rough estimate of the potential impact of enhanced DMS oxidation by NO 3 in the polluted MBL on the vertical entrainment of sulfur species. Reactions considered in this model are listed in Table 3 , and the results are summarized in Table 4 . The model assumes a constant DMS flux from the ocean surface of 2.0 mmol m
, a 100 m deep MBL, absence of dry deposition of DMS, a vertical entrainment velocity of 0.4 cm s À1 and constant DMS oxidation rates (Table 3) . The model also includes reactive uptake of SO 2 and DMS on sea salt aerosol. For simplicity, the only DMS oxidation product considered was SO 2 . The model therefore underestimates the amount of sulfur lost in the MBL, since other oxidation products such as H 2 SO 4 likely undergo more rapid deposition than does SO 2 . Vertical entrainment of sea salt aerosol (and sulfur species deposited on it) was assumed to be negligible.
[28] The model was run for four scenarios: OH-initiated oxidation (midday), NO 3 -initiated oxidation in the ''polluted'' case (region 1), NO 3 -initiated oxidation in the ''clean'' marine case (region 3), and NO 3 -initiated oxidation in an Figure 9 . Conceptual illustration of the impact of DMS oxidation in the polluted marine boundary layer (MBL). (left) Unpolluted case. Some of the DMS emitted from the ocean surface is oxidized in the MBL, and the oxidation products (e.g., SO 2 , H 2 SO 4 ) condense on the existing aerosol surface or are lost to dry deposition to the ocean surface. The remaining DMS entrains out of the MBL, where its oxidation may act as a source of condensable sulfur in higher layers, depending on the transport dynamics. (right) Polluted case, where outflow of continental pollution in the form of NO x and O 3 enhances DMS oxidation rates in the MBL, reducing vertical entrainment of sulfur species. The arrow thickness qualitatively represents relative rates for different processes between the two cases. (g,MBL) ! DMS (aq,aerosol) k
The rates of heterogeneous uptake of SO 2 were calculated using k het = 1/4 Â c Â g Â S aerosol , with S aerosol = surface area density = 200 mm 2 cm À3 , c = mean molecular speed of SO 2 = 314 m/s, and uptake probability g ( 0.09 [Gebel et al., 2000] estimate of a ''remote'' marine case [e.g., Bandy et al., 1996] . The model runs were initialized with DMS and SO 2 mixing ratios at steady state (Table 4 ). Mixing ratios of SO 2 were calculated to be small, consistent with its rapid deposition. During the day, 57% of the sulfur emitted from the ocean surface vented out of the MBL, while 30% was lost to deposition. For nighttime conditions of the scenarios based on observations, the amount of sulfur vented ranged from 78% (region 3, cleanest observed in this study) to 12% (region 1, polluted), with 12-53% of the sulfur emitted from the ocean was lost to deposition. For the assumed remote marine case, we estimate that 94% of the DMS is entrained at night, and only 4% of the sulfur is lost to dry deposition.
Conclusions
[29] The abundance of the nitrate radical, and consequently, the nocturnal oxidation rate of DMS within the MBL differ regionally because both scale with NO x and O 3 from anthropogenic sources (e.g., emissions from shipping, continental outflow). For example, DMS was oxidized more rapidly at night in outflow of anthropogenic pollution in the near coastal region, but not in the more remote region, where NO x levels were considerably lower and the impact of NO 3 on DMS oxidation was smaller. A second conclusion from this study is that oxidation accounted for a larger fraction, and vertical entrainment a smaller fraction of DMS loss from the MBL at night than during the day. The entrainment velocity needed to close the DMS budget (0.4 cm À1 ) was within the range of current literature values [Faloona et al., 2005; Stark et al., 2007; Wingenter et al., 2005; Yvon et al., 1996] . In some locations near the coast, nocturnal oxidation rates were sufficiently large to balance the DMS emission rate and effectively prevent vertical entrainment. In region 1, the calculated average reduction of DMS entrainment due to oxidation by NO 3 was À0.7 mmol m À2 d
À1
; in region 3, it was À0.2 mmol m À2 d À1 . Consequently, the presence of NO 3 can affect the yield of sulfate aerosol from DMS emissions via two mechanisms: (1) reaction of DMS with NO 3 and subsequent peroxy radical reactions in the absence of NO changes the product distributions and may lead to the formation of more soluble species, and (2) the additional amount of oxidant present allows for depositional loss of condensable sulfur products derived from DMS oxidation within the marine boundary layer. Furthermore, since the removal of aerosols from the MBL is likely to be faster than in the layers above, the fraction of the DMS oxidized and not transported out of the MBL may influence sulfate aerosol production above the marine boundary layer. Last, our analysis is consistent with previous studies of photochemical DMS oxidation budgets in that photochemical oxidation appears faster than that due to OH alone, such that halogen species may play a role. There is no direct evidence, however, for nocturnal oxidation of DMS by halogens. D07301 OSTHOFF ET AL.: VARIATION OF SUMMERTIME DMS AT THE GULF OF MAINE
